"*"All great achievements of science must start from intuitive knowledge---At times I feel certain I am right while not knowing the reason." --Albert Einstein*"

1. Introduction: Parkinson\'s disease and cancer---an odd couple {#sec1}
================================================================

This review addresses the possibility of repurposing mitochondria-targeted drugs that are modifications of natural compounds and FDA-approved drugs for treating Parkinson\'s disease (PD) and cancer. At first glance, the connection between PD and cancer may seem far-fetched; however, there are compelling rationales that the two diseases are linked from a mechanistic standpoint. PD and cancer share common mutations in mitochondrial proteins: Parkin and PINK1 \[[@bib1],[@bib2]\]. The overlapping of genes involved in PD and cancer implies that the two diseases might share a common pathogenic mechanism \[[@bib1],[@bib2]\]. Metformin, one of the most widely used drugs for the treatment of diabetes, is undergoing clinical trials as a therapy in age-related diseases, including neurodegeneration and cancer \[[@bib3]\]. Mitigation of inflammatory processes exerts neuroprotective and antitumor effects \[[@bib4]\]. Polyphenolic compounds have been reported to provide neuroprotection and antitumor effects in preclinical neurodegenerative and cancer models \[[@bib5],[@bib6]\]. Numerous studies have previously reported the neuroprotective effects of small molecular weight antioxidants \[[@bib7],[@bib8]\]. Mitochondria are emerging as a therapeutic target in PD and cancer \[[@bib9], [@bib10], [@bib11], [@bib12]\]. Genetic studies implicate mutations in genes (*e.g.*, Park2/Parkin, Park6/PINK1) that mediate mitophagy (autophagic degradation of damaged mitochondrial proteins) are observed in recessive juvenile PD \[[@bib13]\]. Emerging literature suggests that defects in the mitophagy machinery caused by alterations in Parkin (also Park2) and PINK1 play a role in tumor progression \[[@bib2]\]. Dysfunctional or disrupted autophagic machinery has been linked to PD, cancer, and other diseases \[[@bib14]\]. Development of drugs targeting autophagy/mitophagy is an intense area of research \[[@bib15]\].

Other reasons for targeting mitochondria include the following: The conservation of cellular energy is vital for the survival of neuronal cells. In contrast, cancer cells divide rapidly. A sustained and increased supply of energy to cancer cells is necessary for cancer cell survival. Thus, mitochondria-targeted drugs prolong neuronal survival by conserving mitochondrial energy utilization and inhibit proliferation of cancer cells by depriving them of energy. Development of mitochondria-targeted drugs synthesized from naturally occurring compounds and FDA-approved drugs is emerging as a potentially promising approach to investigate the role of mitochondria in diseases \[[@bib10],[@bib16], [@bib17], [@bib18], [@bib19], [@bib20]\]. [Fig. 1](#fig1){ref-type="fig"} shows a list of some of the mitochondria-targeted drugs synthesized from natural products (*e.g.*, Mito-Q, Mito-honokiol, Mito-metformin \[Mito-Met\], Mito-apocynin \[Mito-Apo\]). Mitochondria-targeted drugs consist of a triphenylphosphonium (TPP^+^) group attached via varying alkyl chain lengths to a naturally occurring molecule or an FDA-approved drug \[[@bib17],[@bib18],[@bib21],[@bib22]\]. As suggested by Murphy and colleagues, a major driving force in targeting these drugs into mitochondria is the delocalized positive charge, its lipophilicity, and the negative plasma membrane and mitochondrial membrane potential ([Fig. 1](#fig1){ref-type="fig"}) \[[@bib10],[@bib21], [@bib22], [@bib23]\]. Fine-tuning of TPP^+^-conjugated molecules via an alkyl group of varying chain lengths effectively targets them to mitochondria, thereby minimizing potential off-target effects \[[@bib18],[@bib22]\]. These molecules are more potent and selective inhibitors of oxidative phosphorylation (OXPHOS), and they lack the toxicity associated with traditional mitochondrial OXPHOS inhibitors (*e.g.*, rotenone, oligomycin) \[[@bib16],[@bib18]\]. Recently, a *bonafide* OXPHOS inhibitor was approved by the FDA for treatment of multiple myeloma and other hematologic malignancies \[[@bib24]\].Fig. 1Increased mitochondrial uptake of alkyl TPP^+^ conjugated to a pharmacophore of selected natural products. Repurposing of these drugs from PD to cancer and back to PD is shown. Adapted with permission from Zielonka J, Joseph J, Sikora A, Hardy M, Ouari O, Vasquez-Vivar J, Cheng G, Lopez M, Kalyanaraman B. Mitochondria-Targeted Triphenylphosphonium-Based Compounds: Syntheses, Mechanisms of Action, and Therapeutic and Diagnostic Applications. Chem Rev. 2017; 117 (15):10,043--10120. Copyright 2017 American Chemical Society.Fig. 1

2. Targeting mitochondria and mitophagy in PD and cancer {#sec2}
========================================================

Mitochondrial defects and complex I deficiency are characteristic pathological features of several neurodegenerative diseases including PD and Alzheimer\'s disease \[[@bib25], [@bib26], [@bib27]\]. The activity of complex I associated with the mitochondrial respiratory chain is decreased in PD. This occurs due to sporadic mutations of complex I and/or enhanced oxidative stress in the substantia nigra of the brain. The impaired mitochondria inhibit adenosine triphosphate (ATP) production and decrease bioenergetics. Environmental toxins inhibiting mitochondrial respiration in dopaminergic neurons have been reported to cause a PD-like syndrome \[[@bib27],[@bib28]\].

Mitophagy is a form of selective autophagy that removes damaged mitochondria through lysosomal degradation and recycling, resulting in healthy mitochondria \[[@bib29]\]. Maintenance of healthy mitochondria is achieved through a robust quality control process regulated by mitochondrial biogenesis (*i.e.*, the formation of new mitochondria) and mitophagy, which helps facilitate mitochondrial turnover. Mitophagy therefore plays a critical role in maintaining neuronal function, regulating neuronal survival, and reversing neurodegeneration \[[@bib30]\]. Another hallmark of PD was suggested to be defective mitophagy leading to mitochondrial dysfunction \[[@bib31]\]. The role of autophagy or mitophagy in cancer is not clear-cut, and inhibitors and stimulators of autophagy exert antitumor effects in a context-dependent manner \[[@bib32]\].

Parkin initiates mitophagy and lysosomal degradation of damaged mitochondrial proteins. Parkin encodes a multifunctional E3 ubiquitin ligase responsible for the ubiquitylation of cytosolic proteins other than itself. PINK1 encodes a serine-threonine kinase with a mitochondria-targeting sequence and acts as a molecular sensor of mitochondrial health \[[@bib29]\]. PINK1 recruits and activates Parkin upon detection of damaged mitochondria following mitochondrial depolarization \[[@bib33]\]. Parkin/PINK1-mediated mitophagy is also induced by mitochondria-targeted agents \[[@bib34],[@bib35]\]. Parkin activity and enhanced mitophagy have been recognized as tumor suppressor mechanisms. There is connection between energy sensing, adenosine monophosphate (AMP)-activated protein kinase \[AMPK\] signaling, mammalian target of rapamycin \[mTOR\] signaling, and the activation of Unc-51-like autophagy-activating kinase 1 (ULK1).

The role of mitochondrial function in cancer cells has remained unclear and paradoxical for years. The Warburg effect (*i.e.*, increased glycolysis even under aerobic conditions) was postulated to be the primary---and only---mechanism of ATP and bioenergetics in cancer cells \[[@bib36],[@bib37]\]. However, recent studies have convincingly demonstrated the functional role of mitochondria in cancer cell proliferation \[[@bib16], [@bib17], [@bib18]\], and targeting of mitochondria in cancer is emerging as an effective therapeutic strategy \[[@bib16],[@bib18],[@bib38]\]. Parkin plays a role as a tumor suppressor and typically is overexpressed in tumors (glioblastoma and lung cancer). Additional research investigating the link between PD and cancer may provide mechanistic insights into identifying new drugs or repurposing old drugs for treatment of PD and cancer.

3. PD and mitochondria-targeted therapeutics {#sec3}
============================================

PD is a progressive and debilitating neurodegenerative disease. Progressive loss of dopaminergic neurons in the substantia nigra of PD patients results in the depletion of dopamine in the striatum. PD is characterized by bradykinesia (slowing physical movement) and rigidity, resting tremors, and postural instability. Loss of smell is one of the earliest symptoms of PD \[[@bib39]\]. Another neuropathological hallmark of PD is the aggregation of the alpha-synuclein protein in multiple brain regions \[[@bib40]\]. Currently, only the symptoms are treated with dopamine replacement therapy or deep brain stimulation in PD patients. Levodopa ([l]{.smallcaps}-dopa) therapy does not reverse or slow down the degeneration of neurons in PD. The exact biological mechanisms of neuronal cell death in PD remain unknown. At present, no treatment will halt the progression of PD.

Several lines of evidence indicate that free radicals (or reactive oxygen species \[ROS\]) derived from impaired mitochondrial complex I are involved in PD pathogenesis \[[@bib41],[@bib42]\]. Enhanced oxidative damage, progressive loss of dopamine, protein nitration, protein inclusions, and Lewy body inclusions consisting of aggregated alpha-synuclein and iron accumulation are characteristic hallmarks of PD pathology \[[@bib43],[@bib44]\]. Iron chelators and antioxidants had been used with partial success in PD mice models and with little or no success in clinical trials \[[@bib45],[@bib46]\]. Studies in our laboratory showed that mitochondria-targeted agents (*e.g.*, Mito-CP and Mito-Q) ([Fig. 2](#fig2){ref-type="fig"}) mitigate oxidant-induced endothelial cell damage and apoptosis in cell culture systems \[[@bib47],[@bib48]\]. These mitochondria-targeted agents were not yet used in PD animal models. Therefore, we decided to test the neuroprotective efficacy of Mito-Q10 in a chemically induced mice model of PD \[[@bib11]\]. Pioneering research indicated that Mito-Q could potentially act as a mitochondrial ROS detoxifying antioxidant \[[@bib21],[@bib49]\]. Mito-Q was prepared from modifying the structure of coenzyme-Q (Co-Q) ([Fig. 2](#fig2){ref-type="fig"}). We also tested another structurally different mitochondria-targeted agent, Mito-Apo ([Fig. 2](#fig2){ref-type="fig"}). Mito-Apo was synthesized from apocynin, a plant-derived molecule that has been used as a nonspecific inhibitor of NADPH oxidase (NOX) enzyme, a major ROS-generating enzyme.Fig. 2Structures of Mito-Q and Mito-Apo. Mito-Q is an alkyl TPP^+^ conjugated to Co-Q, and Mito-Apo is an alkyl TPP^+^ conjugated to apocynin.Fig. 2

4. Mito-Q and PD {#sec4}
================

Epidemiological studies suggest a link between mitochondrial toxins (rotenone and pesticides) and the etiology of PD \[[@bib50]\]. A commonly used preclinical animal model of PD is the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) model. MPTP, a contaminant formed during synthesis of an illicit narcotic, induced PD-like symptoms in animals, as noticed in mephedrone (4-methyl ephedrone or M-CAT) drug abusers \[[@bib51]\]. Although the chemically induced model of PD differs from idiopathic PD, there are many biochemical and pathological similarities, including the selective destruction of dopaminergic neurons in the substantia nigra. MPTP is highly lipophilic and skin permeable. It is metabolized by monoamine oxidase-catalyzed oxidation to the ultimate toxic metabolite, MPP^+^, that is transported into the dopaminergic neurons and causes neuronal cell death \[[@bib52]\].

A substantial decrease in Co-Q, an important cofactor in the mitochondrial electron transport chain, was shown to occur in dopamine neurons of PD patients \[[@bib53]\]. Supplementation with high levels of Co-Q or with a modified and mitochondria-targeted Co-Q (*e.g.*, Mito-Q10) was proposed as a promising neuroprotective strategy \[[@bib54]\]. In addition, there was no published study determining the efficacy of mitochondrial-targeted agents in an animal model of PD. Mito-Q10 was suggested to function as an antioxidant through redox cycling between the oxidized (quinone) and reduced (hydroquinone) forms of Mito-Q \[[@bib55],[@bib56]\]. Our published data show that Mito-Q reversed MPP^+^-induced tyrosine hydroxylase inactivation, decreased dopamine depletion, and decreased caspase-3 activation in dopaminergic cells. Noteworthy findings from these studies are (i) Mito-Q10 treatment protected against MPTP-induced reduction in tyrosine hydroxylase positive neurons ([Fig. 3](#fig3){ref-type="fig"}), (ii) Mito-Q10 treatment attenuated dopamine depletion in MPTP-treated mice \[[@bib11]\], and (iii) Mito-Q10 protected against MPTP-induced loss of locomotor activities and foot movement ([Fig. 4](#fig4){ref-type="fig"}). It is significant to point out that mice were administered Mito-Q before, during, and after treatment with MPTP in these studies. This suggests that prophylactic and continuous administration of Mto-Q10 affords neuroprotection in MPTP-treated mice.Fig. 3Mito-Q restores tyrosine hydroxylase-positive dopaminergic neurons in MPTP-treated mice. (A--C) Immunostaining of nigrostriatum and substantia nigra and (D) quantitation of tyrosine hydroxylase-positive neurons in substantia nigra of mice under different treatments. Reprinted from Free Radical Biology and Medicine, 49 (11), Ghosh A, Chandran K, Kalivendi SV, Joseph J, Antholine WE, Hillard CJ, Kanthasamy A, Kanthasamy A, Kalyanaraman B, Neuroprotection by a mitochondria-targeted drug in a Parkinson\'s disease model, 1674--1684, Copyright 2010, with permission from Elsevier.Fig. 3Fig. 4Mito-Q improves locomotor activity in MPTP-treated mice. (A) Moving track of mice recorded using a VeraMax infrared computerized activity monitoring system. (B--H) Quantitation of locomotor activities (*e.g.*, horizontal activity, vertical activity). Reprinted from Free Radical Biology and Medicine, 49 (11), Ghosh A, Chandran K, Kalivendi SV, Joseph J, Antholine WE, Hillard CJ, Kanthasamy A, Kanthasamy A, Kalyanaraman B, Neuroprotection by a mitochondria-targeted drug in a Parkinson\'s disease model, 1674--1684, Copyright 2010, with permission from Elsevier.Fig. 4

However, a clinical trial administrating Mito-Q10 to PD patients for a year indicated no alterations in disease progression \[[@bib23]\]. In humans, Mito-Q10 treatment was started after PD symptoms were observed. As reported, it is likely that nearly 70% or more of dopaminergic neurons were damaged in these patients \[[@bib57]\]. The MPTP model, however, does not fully reflect the human PD pathology (*e.g.*, Lewy body inclusion) and does not mimic dopamine loss in the substantia nigra as occurs in age-dependent PD in humans. The timing and dosing of mitochondrial therapeutic intervention are critical for successful treatment of PD. The likelihood of success for therapeutic intervention may be higher in PD patients who are on the verge of developing this dementia. As with treatment of other diseases such as cancer, drug treatment should begin at an early stage of PD. Clearly, discovering early biomarkers of PD that are reliable and specific is urgently needed to enhance therapeutic efficacy.

5. Neuroprotection of Mito-Apo in a preclinical MitoPark mouse model of PD {#sec5}
==========================================================================

Apocynin is a naturally occurring plant-derived compound that has shown anti-inflammatory effects in several diseases \[[@bib58]\]. Apocynin is also a nonspecific inhibitor of NOX enzymes that generates proinflammatory oxidants involved in inflammation. We modified the structure of apocynin by conjugating it to a TPP^+^ group such that the resulting molecule, Mito-Apo, is targeted to mitochondria ([Fig. 2](#fig2){ref-type="fig"}). Mito-Apo exhibits neuroprotective mechanism in a chemically induced Parkinsonian model (MPTP mouse model) \[[@bib12]\]. A genetically engineered mouse model, the MitoPark mouse, recapitulates many of the phenotypic features (mitochondrial dysfunction, microglial activation, dopaminergic degeneration and depletion of dopamine, progressive neuronal deficits, and protein occlusion) of human PD \[[@bib12]\]. This mouse model has been used to test the hypothesis that mitochondrial dysfunction in dopaminergic neurons is causally responsible for the PD-like phenotype. The MitoPark transgenic mouse is based on the direct genetic impairment of the mitochondrial respiratory chain function in dopamine neurons and was created by selectively knocking out the mitochondrial transcription factor A in dopaminergic neurons \[[@bib59]\]. [Fig. 5](#fig5){ref-type="fig"} shows the progressive motor deficits in MitoPark mice. By week 12, the MitoPark mouse began to exhibit behavioral deficits that progressively became worse by week 24. This phenotype also exhibited neurochemical alterations (dopamine depletion) similar to MPTP treated C57 mice. MitoPark mice also exhibited neurochemical alterations similar to those observed in MPTP-treated C57 mice.Fig. 5MitoPark transgenic mice model of PD. (A) Experimental protocol showing administration of vehicle or Mito-Apo in C57 black and MitoPark mice. (B) Time-dependent loss of tyrosine hydroxylase (TH)-positive neurons in MitoPark mice (striatum, substantia nigra). (C) Increased protein occlusions and abnormal mitochondria. Reprinted from Langley M, Ghosh A, Charli A et al. Mito-Apocynin Prevents Mitochondrial Dysfunction, Microglial Activation, Oxidative Damage, and Progressive Neurodegeneration in MitoPark Transgenic Mice. Antioxid Redox Signal. 2017; 27 (14):1048--1066.Fig. 5

MitoPark and age-matched C57 mice were orally administered with vehicle or Mito-Apo beginning at age 13 weeks \[[@bib12]\]. Behavioral performances, such as the open-field activity and rotarod activity, were monitored in Mito-Apo and vehicle-treated MitoPark mice. As shown in [Fig. 6](#fig6){ref-type="fig"}, Mito-Apo significantly restored the progressive motor deficits observed in MitoPark mice ([Fig. 7](#fig7){ref-type="fig"}). Mito-Apo treatment inhibited nigrostriatal tyrosine hydroxylase loss, restoring dopamine levels in the striatum of MitoPark mice ([Fig. 7](#fig7){ref-type="fig"}). This study reported, for the first time, that an orally active mitochondria-targeted apocynin derivative protected against neurodegeneration in a MitoPark mouse model.Fig. 6Neuroprotection by Mito-Apo administration in MitoPark mice. (A) Immunostaining of nigrostriatum of C57 and MitoPark mice administered with vehicle alone and with Mito-Apo. (B) Quantitation of tyrosine hydroxylase-positive (TH+) neurons. (C) Western blot showing tyrosine hydroxylase in response to vehicle and Mito-Apo treatment and the densitometric analysis. (D) Quantitation of neuronal dopamine. (E,F) Quantitation of neuronal DOPAC and HVA. Reprinted from Langley M, Ghosh A, Charli A et al. Mito-Apocynin Prevents Mitochondrial Dysfunction, Microglial Activation, Oxidative Damage, and Progressive Neurodegeneration in MitoPark Transgenic Mice. Antioxid Redox Signal. 2017; 27 (14):1048--1066.Fig. 6Fig. 7Mito-Apo improves locomotor activity in MitoPark mice. (A) Moving track of mice in vehicle and Mito-Apo-treated control C57 and MitoPark mice recorded using a VeraMax infrared system. (B--E) Quantitation of locomotor activities. Reprinted from Langley M, Ghosh A, Charli A et al. Mito-Apocynin Prevents Mitochondrial Dysfunction, Microglial Activation, Oxidative Damage, and Progressive Neurodegeneration in MitoPark Transgenic Mice. Antioxid Redox Signal. 2017; 27 (14):1048--1066.Fig. 7

Mito-Apo also mitigated the non-motor symptoms in a PD mouse model. Loss of smell is one of the first signs of PD. Scent testing remains one of the most effective methods for early detection of PD symptoms (hyposmia or diminished loss of smell) in high-risk individuals. We used the leucin-rich repeat kinase 2 (LRRK2) mouse model that is based on elevated LRRK2 kinase activity caused by specific mutations in the LRRK2 gene (mutation of arginine to glycine at position 1441) \[[@bib60],[@bib61]\]. Long-term treatment with Mito-Apo significantly prevented the loss of smell with performance remaining near the level of the wild-type mice. Prolonged treatment with Mito-Apo improved the delayed time-to-treat in LRRK2^R1441G^ mice ([Fig. 8](#fig8){ref-type="fig"}). These studies demonstrate that mitochondria-targeted natural product derivative could be used to prevent early non-motor symptoms.Fig. 8Mito-Apo prevents loss of smell in LRRK2^R1441G^ transgenic mouse model. (A) The time required to identify either a chow pellet or fruit cereal treat in a novel cage. Individual mice are represented by black dots and the mean is shown as the red bar. (B) Video still images indicate the mouse that had the time-to-treat closest to the group mean. Time stamps indicate the elapsed time required to locate the treat. Reprinted from Neurosience Letters, 583, Dranka BP, Gifford A, McAllister D, Zielonka J, Joseph J, O\'Hara CL, Stucky CL, Kanthasamy AG, Kalyanaraman B, A Novel Mitochondrially-Targeted Apocynin Derivative Prevents Hyposmia and Loss of Motor Function in the Leucine-Rich Repeat Kinase 2 (LRRK2^R1441G^) Transgenic Mouse Model of Parkinson\'s Disease, 159--164, Copyright 2014, with permission from Elsevier. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)Fig. 8

6. From PD to therapeutic targeting of mitochondria in cancer: our rationale {#sec6}
============================================================================

We decided to test the effects of mitochondria-targeted antioxidants (*e.g.*, Mito-Q, Mito-CP) in cancer cells in order to obtain experimental proof for the functional role of mitochondrial respiration in cancer cells. Warburg hypothesized that cancer cell mitochondria are dysfunctional and, therefore, these cells preferentially use glycolysis for energy even in the presence of oxygen \[[@bib62], [@bib63], [@bib64]\]. The Warburg discovery (*i.e.*, enhanced uptake of glucose by cancer cells) helped diagnose and detect cancer cells using the PET (positron emission tomography) technique that monitors the selective uptake of radiolabeled FDG (2-fluoro-6-deoxyglucose). However, the proposed lack of functional role of mitochondria in cancer cells by Warburg was criticized and disproved by some and clarified by others \[[@bib31],[@bib36],[@bib65]\]. Using breast cancer cells and non-cancerous control cells, we showed that Mito-Q and Mito-CP, at nontoxic concentrations, selectively inhibit mitochondrial respiration and cell proliferation; this finding clearly proved a functional role for mitochondria in cancer. These studies \[[@bib17],[@bib66]\] paved the way for designing new mitochondria-targeted drugs through modification of existing FDA-approved drugs, for example, metformin.

7. Mitochondria-targeted metformin analogs as anti-tumor drugs {#sec7}
==============================================================

Metformin is one of the most widely used and prescribed drugs in the world for treatment of diabetes. Metformin is relatively safe in humans; however, it is poorly bioavailable, and patients with type 2 diabetes mellitus take several grams of metformin daily to decrease blood glucose levels. Metformin is excreted mostly unchanged without undergoing metabolism. However, the efficacy of metformin is attributed to the many metabolic pathways it induces in the body. Metformin is a highly hydrophilic cation at a physiological pH that targets mitochondria, albeit relatively weakly, and inhibits complex I activity in several cancer cells. Metformin was repurposed as an antitumor drug due to epidemiological findings implicating an association between decreased incidence of pancreatic cancer and metformin use in diabetic individuals \[[@bib67]\]. Several ongoing clinical trials are testing the antitumor effects of metformin in various cancers including pancreatic cancer. However, at typical antidiabetic doses, metformin is unlikely to exert antitumor effects due to its low bioavailability combined with its low uptake into cancer cells \[[@bib68]\]. A more lipophilic and bioavailable analog of metformin, phenformin, was shown to exhibit more potent antitumor effects \[[@bib69]\]. Due to enhanced acidosis, phenformin use was discontinued in the United States. Clearly, it is crucial to develop new and improved metformin analogs with increased potency and bioavailability. To this end, mitochondria-targeted metformin analogs were synthesized and developed in our laboratory \[[@bib18]\]. Our results showed that Mito-Met analogs are nearly 1000-fold more potent than the untargeted metformin ([Fig. 9](#fig9){ref-type="fig"}). Studies with Mito-Met analogs and other mitochondria-targeted compounds provide new insights into the bioenergetic mechanism of action.Fig. 9Effects of metformin and Mito-Met on pancreatic cancer cell proliferation. (A--C) MiaPaCa-2 pancreatic cancer cells were treated with metformin and Mito-Met for 24 h. MiaPaCa-2 cells were treated with metformin and Mito-Met, and colony formation and survival fraction were monitored and calculated for different treatment conditions. Reprinted from Cheng G, Zielonka J, Ouari O et al. Mitochondria-Targeted Analogs of Metformin Exhibit Enhanced Antiproliferative and Radiosensitizing Effects in Pancreatic Cancer Cells. Cancer Res. 2016 Jul 1; 76 (13):3904--15.Fig. 9

8. Mito-Met analogs activate an energy sensing mechanism in cancer cells {#sec8}
========================================================================

Mito-Met10 activated AMPK phosphorylation at micromolar concentrations, whereas metformin activated AMPK at millimolar levels in pancreatic cancer cells \[[@bib18]\]. We postulated that Mito-Met10 exerts antiproliferative effects in pancreatic cancer cells by targeting both redox- and energy-sensing bioenergetics pathways ([Fig. 10](#fig10){ref-type="fig"}). Factors responsible for AMPK activation need to be fully ascertained, although mitochondrial ROS may be involved \[[@bib18]\]. Mitochondria-targeted compounds could induce a novel redox-signaling mechanism in which hydrogen peroxide may play a role in the antiproliferative effects in cancer cells \[[@bib18]\]. However, mechanistic studies using cancer cells with enriched mitochondrial hydrogen peroxide detoxifying enzymes (*e.g.*, peroxiredoxins) and AMPK signaling pathways are still lacking. Overall, these studies suggest that mitochondria-targeted agents inhibit cancer cell proliferation by decreasing intracellular energy consumption as cancer cells require increased energetic requirements to sustain enhanced energy demands due to uncontrolled cell proliferation.Fig. 10The proposed signaling pathway activated by Mito-Met and other metformin analogs. As shown, Mito-Met activated AMPK phosphorylation via inhibition of mitochondrial complex I and ROS generation. Reprinted from Cheng G, Zielonka J, Ouari O et al. Mitochondria-Targeted Analogs of Metformin Exhibit Enhanced Antiproliferative and Radiosensitizing Effects in Pancreatic Cancer Cells. Cancer Res. 2016 Jul 1; 76 (13):3904--15.Fig. 10

9. From cancer back to therapeutic targeting of PD: our rationale {#sec9}
=================================================================

Based on the findings from Mito-Met in cancer cells, we surmised that mitochondria-targeted drugs could enhance neuronal survival because of decreased energy consumption from AMPK activation. [Fig. 11](#fig11){ref-type="fig"} illustrates this idea. AMPK activation through decreased ATP and increased AMP creates low-energy conditions because of decreased energy consumption. It is conceivable that induction of mild mitochondrial stress by Mito-Met could increase neuronal cell survival. Mitochondria-targeted drugs are different from rapamycin analogs that show neuroprotective effects by inhibiting mTOR. Rapamycin and its analogs (also referred to as "Rapalogs") directly inhibit mTOR, whereas mitochondria-targeted drugs indirectly inhibit the mTOR pathway through inhibition of mitochondrial respiration \[[@bib3]\].Fig. 11A proposed pathway illustrating how a mitochondria-targeted drug could affect cell survival based on supply and demand of energy generated in mitochondria. Induction of a mild mitochondrial stress induced by mitochondria-targeting agents inhibits energy consumption through elevation of AMPK phosphorylation and decreased ATP consumption. In neurons, cell survival is enhanced, whereas in cancer cells, proliferation is inhibited. Reprinted from Langley M, Ghosh A, Charli A et al. Mito-Apocynin Prevents Mitochondrial Dysfunction, Microglial Activation, Oxidative Damage, and Progressive Neurodegeneration in MitoPark Transgenic Mice. Antioxid Redox Signal. 2017; 27 (14):1048--1066.Fig. 11

10. Neuroprotection by Mito-Met in a MitoPark mouse model {#sec10}
=========================================================

Studies show that metformin reversed TRAPS (TNF receptor-associated periodic syndrome)-mutation-associated alterations in the mitochondrial function in PD mice models \[[@bib70]\]. Because metformin also induced AMPK at higher concentrations and induced neuroprotection, we decided to investigate the neuroprotective effect of Mito-Met in a chronic and progressive neurodegenerative MitoPark transgenic mouse model. The motor and non-motor behavioral effects and neurochemical analyses (striatal dopamine) were measured. Mito-Met treatment improved behavioral and neurochemical deficits *in vivo* ([Fig. 12](#fig12){ref-type="fig"}). Dopamine levels were partially restored.Fig. 12Neuroprotection by Mito-Met in a MitoPark mice model of PD. (A) Moving track of MitoPark mice recorded using a VeraMax infrared computerized activity monitoring system. (B,C) Quantitation of locomotor activities (*e.g.*, horizontal activity, vertical activity). (D) Immunostaining of nigrostriatum of MitoPark mice administered with vehicle or Mito-Met. (E) Quantitation of neuronal dopamine.Fig. 12

More-recent studies show that other mitochondria-targeted compounds (Mito-Q) also stimulated AMPK activation \[[@bib71]\], suggesting that the neuroprotective effects of Mito-Q could be attributed to its ability to decrease energy consumption in cells.

These findings show that a new class of mitochondria-targeted drugs that modulates mitochondrial bioenergetics is therapeutically effective in both PD and cancer. However, the common mechanism of action for the different mitochondria-targeted compounds in PD and cancer is not known. The neuroprotective and antitumor mechanisms of Mito-Q were previously attributed to detoxification of ROS \[[@bib11],[@bib17]\]. However, Mito-Met inhibits mitochondrial complex I and induces ROS formation in tumor cells \[[@bib18]\]. The neuroprotective mechanism of Mito-Apo was attributed to inhibition of the NOX enzyme and inducible nitric oxide synthase (NOS) \[[@bib12],[@bib19]\].

Recent reports indicate that indicate that Mito-Q activates AMPK signaling via depolarization of mitochondria and induction of autophagy, promoting cell survival \[[@bib71]\]. Mito-Q induced autophagy in hepatocellular carcinoma HepG2 cells via altered mitochondrial bioenergetic pathways. Mito-Q enhanced AMPK phosphorylation and inhibited mTOR phosphorylation. Mito-Q induced mitophagy under conditions activating AMPK \[[@bib72]\]. Thus, we started focusing on the mechanism of induction of autophagy by mitochondria-targeted compounds as a common mechanism of action in cancer and neuronal cells.

11. Mitochondria-targeted drugs and induction of autophagy {#sec11}
==========================================================

Yoshinori Ohsumi received the Nobel Prize for uncovering the mechanisms for autophagy \[[@bib73]\], a fundamental process in cells that can be harnessed to fight cancer and dementia. Autophagy is a "self-eating" process by which damaged intracellular components are degraded and removed by lysosomes. This process is essential to manage stress response (bioenergetic stress, depletion of nutrients, or starvation) and maintenance of tissue homeostasis. Mitophagy is referred to a selective autophagic degradation of damaged or dysfunctional mitochondrial proteins. Although the role of autophagy in PD and cancer remains paradoxical, published reports suggest that autophagic induction could be used as a therapeutic strategy \[[@bib15]\]. Recent studies suggest that autophagy is a druggable process \[[@bib74],[@bib75]\] and that an FDA-approved autophagy-inducing tyrosine kinase inhibitor (nilotinib or Tasigna R) for treating chronic myeloid leukemia can cross the blood-brain barrier and remove toxic proteins (beta-amyloid aggregates or Lewy body inclusion) via stimulation of autophagy \[[@bib76],[@bib77]\]. Nilotinib is currently being tested in PD patients.

Rapamycin is frequently used as a potent inducer of autophagy by directly blocking mTOR (mechanistic target of rapamycin), an upstream inhibitor of the autophagy pathway. mTOR is, however, involved in various biological and developmental processes (translation, ribosome biogenesis). Rapamycin, which is used to treat advanced cancer, has been repurposed as a neuroprotective drug \[[@bib78],[@bib79]\]. However, the immunosuppressive aspect of rapamycin is linked to higher infection rates. Thus, developing a new class of mitochondria-targeted autophagy-inducing agents that is nontoxic with minimal off-target effects is crucial.

12. Mitophagy and cancer {#sec12}
========================

Recently, we showed that Mito-Met induces mitophagy in cancer cells \[[@bib16]\]. Results showed that Mito-Met activates the AMPK signaling cascade triggered by inhibiting mitochondrial complex I. AMPK activation suppressed mTOR. These two signaling pathways stimulate the phosphorylation of ULK1, the central autophagy-inducing kinase \[[@bib16]\]. Emerging data show that drugs specifically targeted to mitochondria could stimulate mitophagy in cancer cells \[[@bib16],[@bib72]\]. The ULK1/AMPK axis is important for regulating the phosphorylation of ULK1 in the context of glucose or nutrient starvation. Under glucose starvation, the mitophagic signaling mechanism (AMPK/mTOR/ULK1) is activated. Other mitochondria-targeted compounds have recently been found to stimulate mitophagy in cancer cells \[[@bib72],[@bib80]\].

13. Mitophagy and PD {#sec13}
====================

PINK1, a mitochondrial serine/threonine kinase, is one of the genes linked to PD. In cancer, it acts in concert with Parkin to initiate the mitophagy process. The proposed Parkin/PINK1-mediated mitophagy model is shown in [Fig. 13](#fig13){ref-type="fig"}. The Parkin/PINK1 pathway is responsible for mitochondrial quality control \[[@bib81]\]. Deficiency in Parkin or PINK1 function results in the accumulation of damaged mitochondrial proteins. In healthy mitochondria, PINK1 does not accumulate in the outer membrane. In damaged or depolarized mitochondria, PINK1 stabilization on the outer membrane enables recruitment and activation of Parkin, which promotes the ubiquitination and subsequent lysosomal degradation of many damaged outer membrane proteins ([Fig. 13](#fig13){ref-type="fig"}). Parkin recruitment to the mitochondria induces formation of ULK1 that stimulates autophagy.Fig. 13Parkin/PINK1-mediated pathway in stimulation of autophagy in PD. Mitophagy activated by mitochondria-targeted drugs decreases the mitochondrial membrane potential. PINK1, which normally is processed by mitochondrial peptidase, accumulates at the outer mitochondrial membrane and triggers the recruitment of Parkin, which initiates the autophagic machinery. Adapted from Molecular and Cellular Neuroscience, 55, Vries RLA, Przedborski S. Mitophagy and Parkinson\'s Disease: Be Eaten to Stay Healthy, 37--43, Copyright 2013, with permission from Elsevier.Fig. 13

Reports suggest that stimulation of autophagy/mitophagy in the brains of PD patients may be beneficial for the patients \[[@bib82], [@bib83], [@bib84]\]. As indicated previously, rapamycin, a widely used autophagy inducer, decreased the levels of protein aggregates (alpha-synuclein) in cellular and animal models of alpha-synucleinopathies \[[@bib85]\]. Many other studies support the beneficial role of inducers of autophagy in PD, especially in preventing or decreasing the accumulation of alpha-synuclein.

14. PD and neuroinflammation: anti-inflammatory effect of mitochondria-targeted drugs {#sec14}
=====================================================================================

Neuroinflammation is recognized to play an important role in dopaminergic neurodegeneration in human PD patients and in preclinical mice models \[[@bib4],[@bib19]\]. Numerous anti-inflammatory agents have been proposed to mitigate neuroinflammation in PD \[[@bib12]\]. Ongoing research in our laboratories suggests that mitochondria-targeted drugs could act as anti-neuroinflammatory agents. In cell culture studies, using macrophages treated with lipopolysaccharide, we observed that several mitochondria-targeted compounds including Mito-Apo could inhibit NOX-mediated superoxide and peroxynitrite (ONOO^−^) formation \[[@bib12],[@bib86],[@bib87]\]. Inhibition of NOX activity mitigates ONOO^−^ formation in macrophages \[[@bib86]\]. In a mouse model of cisplatin-induced nephropathy \[[@bib88]\], we had previously shown that mitochondria-targeted nitroxide (Mito-CP) inhibited a second wave of inflammation and mitochondrial damage induced by ROS and reactive nitrogen species (RNS) in the kidney \[[@bib88]\]. More importantly, Mito-CP treatment mitigated the expression levels of proinflammatory marker proteins, NOX2 and inducible nitric oxide synthase (iNOS), and oxidative and nitrative damage induced by ONOO^−^ in the kidney \[[@bib88]\].

As described previously, Mito-Apo improved the behavioral and neurodegenerative deficits in MitoPark mice \[[@bib12]\]. Mito-Apo inhibited microglial activation in the substantia nigra of MitoPark mice ([Fig. 14](#fig14){ref-type="fig"}). Previous studies have shown that neuronal cell death occurs from increased generation of potent oxidants from NOX2 and iNOS \[[@bib12]\]. Mito-Apo decreased the expression of NOX2 and iNOS in lipopolysaccharide-induced activation of microglia ([Fig. 15](#fig15){ref-type="fig"}, [Fig. 16](#fig16){ref-type="fig"}, respectively). Mito-Apo inhibited formation of the proinflammatory cytokines in activated microglia. The discovery linking the ability of mitochondria-targeted drugs to inhibit neuroinflammation ([Fig. 17](#fig17){ref-type="fig"}) and formation of proinflammatory factors is of great significance in the modulation of inflammation in cancer.Fig. 14Mito-Apo inhibits microglial activation in the substantia nigra of MitoPark mice. Reprinted from Langley M, Ghosh A, Charli A et al. Mito-Apocynin Prevents Mitochondrial Dysfunction, Microglial Activation, Oxidative Damage, and Progressive Neurodegeneration in MitoPark Transgenic Mice. Antioxid Redox Signal. 2017; 27 (14):1048--1066.Fig. 14Fig. 15Mito-Apo inhibits NOX2 expression in the substantia nigra of MitoPark mice. Reprinted from Langley M, Ghosh A, Charli A et al. Mito-Apocynin Prevents Mitochondrial Dysfunction, Microglial Activation, Oxidative Damage, and Progressive Neurodegeneration in MitoPark Transgenic Mice. Antioxid Redox Signal. 2017; 27 (14):1048--1066.Fig. 15Fig. 16Mito-Apo inhibits iNOS in the substantia nigra of MitoPark mice. Reprinted from Langley M, Ghosh A, Charli A et al. Mito-Apocynin Prevents Mitochondrial Dysfunction, Microglial Activation, Oxidative Damage, and Progressive Neurodegeneration in MitoPark Transgenic Mice. Antioxid Redox Signal. 2017; 27 (14):1048--1066.Fig. 16Fig. 17Anti-inflammatory effects of Mito-Apo for PD therapy.Fig. 17

15. Mitochondria-targeted drugs, inflammation, and tumor microenvironment {#sec15}
=========================================================================

Reports indicate that mitochondria play a crucial role in modulating immune function \[[@bib89]\]. Robust mitochondrial respiration, especially from mitochondrial complex III, is essential for suppressive function of the regulatory T cells through regulation of DNA methylation status \[[@bib89]\]. In animal models of inflammation, mitochondria-targeted compounds were shown to inhibit inflammation that was attributed to their ability to decrease ROS \[[@bib12],[@bib19]\]. These studies suggest that inflammation can be mitigated through pharmacological intervention targeting mitochondria. In cancer cells, mitochondria-targeting drugs actually enhanced ROS formation in mitochondria through inhibition of mitochondrial complexes and induced the antiproliferative redox signaling mechanism \[[@bib18],[@bib38]\]. As described in the previous section, mitochondria-targeted drugs conjugated to the TPP^+^ moiety inhibit NOX- and iNOS-generated potent ROS and RNS \[[@bib12]\]. This mechanistic scenario may be applicable to proinflammatory events in the tumor microenvironment (TME). The TME consists of regulatory T cells, tumor-associated macrophages, and myeloid-derived suppressor cells (MDSCs). The TME provides a proinflammatory and permissive environment for tumor growth. High levels of ROS/RNS in the TME are cytotoxic to T cells, which, unlike cancer cells, lack the antioxidant machinery to combat them and the ability to survive. MDSCs have been shown to inhibit T cell activation through nitration of lymphocyte-specific protein kinase \[[@bib90]\]. Clearly, inhibiting ONOO^−^ formation in the TME will convert the proinflammatory TME into an anti-inflammatory TME in which T cells survive and remain activated to destroy tumor cells. As described previously, TPP^+^-containing mitochondria-targeted agents inhibit ONOO^−^ formation and also mitigate the expression of NOX and iNOS levels \[[@bib12]\]. New drugs to mitigate inflammation in the TME without causing immunosuppression are highly significant in chemo- and immunotherapies. Ongoing research in our laboratories suggests that mitochondria-targeted drugs inhibit MDSCs and activate T cells in the TME.

16. Summary and future perspectives {#sec16}
===================================

PD and cancer share a common pathway linked to mutations in mitochondrial proteins. Increasing evidence supports that targeting mitochondria in both PD and cancer induces neuroprotective and antitumor effects. TPP^+^-containing mitochondria-targeting compounds localize in mitochondria, stimulate energy-sensing AMPK activation, and inhibit mTOR signaling via inhibition of mitochondrial respiration and modulation of bioenergetics and mitochondrial biogenesis. Mito-Q was once characterized by its ability to detoxify mitochondrial ROS, but emerging results show that the effects of Mito-Q are complex and multifaceted (*e.g.*, induction of mitophagy). Clearly, additional research, including measurement of toxicity in large animals, pharmacokinetics, and pharmacodynamics, needs to be performed before these compounds can be tested in humans for PD and cancer prevention or treatment, alone or in combination with conventional chemotherapy and radiation therapy. Clearly, the use of mitochondria-targeted drugs in cancer and PD has several limitations and caveats. Mitochondria-targeted drug-mediated inhibition of OXPHOS as a critical mechanism of anti-tumorigenesis is becoming well established in cancer. However, the ability of mitochondria-targeted drugs to afford neuroprotection in diseases like PD, where complex I is already compromised, seems paradoxical. Thus, the neuroprotective ability of mitochondria targeting is dependent on the timing of drug administration and disease progression. At the early stages of disease onset, these drugs could induce AMPK and mitophagy and enhance neuronal survival. This review is an attempt to teach the basics of mitochondria-targeted drug repurposing from PD to cancer and back to PD using a preclinical animal model.
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